A novel and simple numerical method for finding the best thin-film structures for third-order dispersion compensation has been achieved. A target third-order dispersion value is specified first; then the multilayer thin-film structure is optimized to have a second-order dispersion spectrum, which has the least deviation from linearity and has a slope that equals the specified third-order dispersion value. Numerical examples are presented for reflection-type and transmission-type thin-film compensators. Both types can achieve required phase compensation, but the reflection type has a flatter amplitude response than the transmission type.
Introduction
In fiber communication systems, dispersion becomes a serious problem as the bit rates and the transmission distances increase. As the bit rate increases from 10 to 40 Gbits͞s, the bite error rates that are due to dispersion increase 16 times, and the third-order dispersion of fibers cannot be ignored. There are several devices that compensate for third-order dispersion; they include programmable liquid-crystal phase modulators, 1,2 chirped fiber Bragg gratings, 3 dispersion slope compensating fibers, 4 planar lightwave circuits, 5 and all-pass filters. 6, 7 In the research reported in this paper, optical thin-film structures are used as dispersion compensators, which we call thin-film dispersion compensators ͑TFDCs͒. Thin-film structures have several advantages, such as small volume, high temperature stability, and well-developed manufacturing procedures. 8 Thin-film structures have been developed for second-order dispersion compensation. 9 Jablonski et al. demonstrated thin-film-based all-pass filters for third-order dispersion compensation. 6, 7 Jablonski et al. developed a method that uses nonlinear weighted least-squares and digital lattice algorithms to find the optimized mirror reflectivity and cavity spacing values of all-pass filter structures and then applied thin-film structures to achieve these values. In this paper, we report a new method for designing thin-film structures for third-order dispersion compensation. A least-squares method is used to optimize thin-film structures to have a second-order dispersion spectrum that has the least deviation from linearity and has a slope that equals the target thirdorder dispersion value. In the following sections we introduce our methods for both transmission-type and reflection-type TFDCs and demonstrate them with numerical examples.
Numerical Method

A. Thin-Film Dispersion Compensator
Optical thin-film structures are used as dispersion compensators in optical fiber communication systems. The general structure of a TFDC is given as
where S is the substrate and L and H represent quarter-wave layers of thickness 0 ͞4n with low refractive index n L and high refractive index n H , respectively, where 0 is the reference wavelength. m 1 , m 2 , m 3 . . . are repetitions of ͑LH͒. ͑LH͒ m i denotes a high reflector; the reflectance becomes larger when m increases. n 1 , n 2 , n 3 . . . are repetitions of half-wave stack ͑LL͒. ͑LL͒ n i is the cavity between two high reflectors. There is an H layer between each cavity spacer ͑LL͒ n i and the next dielectric mir-ror ͑LH͒ m iϩ1 . Note that there are q ϩ 1 dielectric mirrors and q cavities in structure ͑1͒. The beam is normally incident from the left-hand side.
We categorize TFDCs into two types ͑see Fig. 1͒ . One is the transmission type ͑T type͒; the other is the reflection type ͑R type͒. We use the standard method of matrix multiplication 8 to calculate the transmission coefficient ͑t͒ and the reflection coefficient ͑r͒ of the multilayer stack for a TFDC. Transmittance ͑T͒, transmission phase ͑ t ͒, reflectance ͑R͒, and reflection phase ͑ r ͒ can therefore be obtained. Because phases t and r are known, the corresponding group delay ͑GD͒, second-order dispersion ͑SOD͒, and third-order dispersion ͑TOD͒ can be calculated based on the definitions in Table 1 ͑Ref. 10͒ for both T-type and R-type TFDCs.
Notice that phases t and r , the GD, the SOD, and the TOD are functions of m 1 , n 1 , m 2 , n 2 , m 3 , n 3 . . . , reference wavelength 0 , refractive indices n H and n L , and frequency .
B. Least-Squares Method
A least-squares method for designing TFDCs for third-order dispersion compensation is introduced in this section.
Concept of the Method
First we need to specify the TOD value of the fiber to be compensated for. The target TOD value is designated p, which is usually a positive number for standard fibers. Within the specific compensation bandwidth ͑BW͒, the target TOD value, designated TOD target , of the compensator should therefore be Ϫp ͑i.e., TOD target ϭ Ϫp͒. From Table 1 ,
Accordingly,
where 0 is the central frequency of the compensation bandwidth. From Eq. ͑3͒ the target SOD spectrum for a compensator should be linear, and its slope is Ϫp within the compensation bandwidth. The SOD of the TFDC within the bandwidth can be calculated according to Table 1 and is designated SOD TFDC . The method of least squares is then used to find the set of ͑m 1 , n 1 , m 2 , n 2 , m 3 , n 3 . . .͒ that best fits the SOD TFDC spectrum to the target linear SOD target spectrum with slope Ϫp. We use the following relationship to calculate the square error ͑SQ͒ to obtain the variance between SOD TFDC and SOD target for all combinations of ͑m 1 
where N is the number of calculating point within the bandwidth. Among all combinations of ͑m 1 , n 1 , m 2 , n 2 , m 3 , n 3 . . .͒, the one with the least SQ is the best TFDC structure.
Numerical Procedure
The numerical calculation steps done by computer programs are illustrated here; the flowchart is shown in Fig. 2 .
First we have to choose a T-type or an R-type TFDC to be the compensator, and then the following parameters should be given: the target slope ͑Ϫp͒ and 0 for SOD target , the BW, the number of calculating point within the BW, the numbers of cavities of the TFDC, the range for each m 1 , n 1 , m 2 , n 2 , m 3 , n 3 . . ., and the requirement for transmittance or reflectance ͑for example, for a T-type TFDC, one may require that the transmittance be larger than 50% within the compensation bandwidth, and for an R-type TFDC, one may require that the reflectance be larger than 
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50% within the compensation bandwidth͒. The requirement for transmittance or reflectance is the specification given by the system designer. Second, we calculate transmission coefficient t ͑for a T-type TFDC͒ or reflection coefficient r ͑for an R-type TFDC͒ at each frequency i within the bandwidth, by using the standard matrix multiplication method, 8 for each combination of ͑m 1 , n 1 , m 2 , n 2 , m 3 , n 3 . . .͒ to obtain the transmittance T and the phase t or reflectance R and phase r in turn. If the transmittance or reflectance cannot fulfill the requirement, this combination will automatically be ignored. We can then calculate SOD TFDC at each frequency i within the bandwidth for the remaining combinations ͑m 1 , n 1 , m 2 , n 2 , m 3 , n 3 . . .͒ by numerically taking the second-order differential of t or r with respect to . Then we apply Eq. ͑4͒ to obtain the SQ for each combination. The combination with the least SQ is chosen to be the best TFDC structure.
Numerical Examples and Discussions
In this section we apply our method to two-cavity structures of TFDCs to demonstrate our method and illustrate the characteristics of the best TFDC structure. There are T-type and R-type structures. The refractive indices of H, L, and the substrate are 2.11, 1.46, and 1.45, respectively. These values correspond to practical materials of Ta 2 O 5 film, SiO 2 film, and silica substrate, respectively, at the 1550-nm wavelength. The compensation BW is assumed to be 1 nm, and the center of the compensation band is at 1550 nm.
The parameters for the T-type structure are as follows: a BW of 1 nm; 0 ϭ 1550 nm; transmittance within the BW larger than 50%; and ranges of m 1 , m 2 , and m 3 of 1-15. Because when m 1 , m 2 or m 3 increases, the transmittance of ͑LH͒ m 1 ͑LL͒ n 1 -H͑LH͒ m 2 ͑LL͒ n 2 H͑LH͒ m 3 will approach zero, we chose the ranges of m 1 , m 2 , and m 3 to be within 1-15. The ranges of n 1 and n 2 were chosen to be within 1-15 to have a spacer thickness for practical thin-film deposition. Table 2 shows the numerical result of applying our method to obtain the best m 1 , n 1 , m 2 , n 2 , and m 3 for each TOD target . We show in Fig. 3 , for example, the transmittance and SOD spectra of , which is the best thin-film structure with least SQ for TOD target ϭ Ϫ5ps . From Fig. 3 we can see that the SOD within the BW is close to linear but that the transmittance response within the BW is not flat.
B. R-Type Two-Cavity Structure
The parameters for the R-type structure are as follows: a BW of 1 nm; 0 ϭ 1550 nm; reflectance within the BW larger than 50%; and ranges of m 1 , n 1 , m 2 , n 2 , and m 3 of 1-15. Table 3 shows the numerical result. From Table 3 we can see that for each TODtarget the best m 3 is always 15, which is the maximum of the chosen range for m 3 . We show in Fig. 4 , for example, the reflectance and SOD spectra of ͑LH͒ , which is the best thin-film structure with the least SQ for TOD target ϭ Ϫ5ps 3 . From Fig. 4 we can see that the structure not only can achieve a linear SOD but also has a much flatter reflectance response within the BW than the T-type TFDC. As a matter of fact, we found that for a fixed TOD target value the best R-type TFDC structure always has a much flatter amplitude spectrum than the best T-type TFDC structure. The requirement for TFDC reflectance could be raised to 99% and a good structure with low SQ could still easily be found, whereas it is harder to find a good structure for a T-type TFDC if the requirement for transmittance increases.
In what follows, we discuss the influence of the last high reflector and refractive-index difference for an R-type TFDC.
C. Influence of the Last Reflector in an R-Type TFDC
We take an R-type two-cavity structure ͑LH͒ m 1 -͑LL͒ n 1 H͑LH͒ m 2 ͑LL͒ n 2 H͑LH͒ m 3 to see how the last high reflector, ͑LH͒ m 3 , influences phase and reflectance. We set the target as TOD ϭ Ϫ3ps 3 , BW ϭ 2 nm, and use our method to find out the best m 1 , n 1 , m 2 , and n 2 for various values of m 3 . Table 4 is the numerical result. Table 4 shows that, as the m 3 value increases above 7, the best m 1 , n 1 , m 2 , and n 2 are all the same, and the corresponding SQ values are almost the same. We found that for the structure ͑LH͒ 
H͑LH͒
m 3 , when m 3 is above 7 the phase spectrum within the 2-nm BW has already converged, but the reflectance keeps on increasing with increasing m 3 . This observation implies that the last reflector, ͑LH͒ m 3 , in the R-type structure can be used as a reflectance controller without changing the phase property of the whole structure, provided that the m 3 value is large enough.
D. Influence of the Refractive-Index Difference in an R-Type TFDC
For the R-type two-cavity structure ͑LH͒ m 1 -
we set the target TOD ϭ Ϫ15 ps 3 , BW ϭ 1 nm, and use our method to find the best structures for two situations: ͑1͒ ⌬n ϭ 2.01 ͑n H ϭ 3.47 for silicon film, n L ϭ 1.46 for SiO 2 film͒ and ͑2͒ ⌬n ϭ 0.65 ͑n H ϭ 2.11 for Ta 2 O 5 film, n L ϭ 1.46 for SiO 2 film͒. Figure 5͑a͒ shows the reflectance and SOD spectra of ͑LH͒ , which is the best structure for ⌬n ϭ 2.01. Figure 5͑b͒ shows the reflectance and SOD spectra of ͑LH͒ 5 ͑LL͒ 9 H͑LH͒ 10 ͑LL͒ 7 H͑LH͒ 15 , which is the best structure for ⌬n ϭ 0.65. There are fewer layers of the best structures for ⌬n ϭ 2.01 than for ⌬n ϭ 0.65. But the SOD spectrum of the best structure for ⌬n ϭ 0.65 fits better than that for ⌬n ϭ 2.01; i.e., the SQ for ⌬n ϭ 0.65 is smaller than the SQ for ⌬n ϭ 2.01. As a matter of fact, we found that the SQ values for the best structures with larger ⌬n are always much larger than those of the best structures with smaller ⌬n. The advantage of using materials with larger ⌬n is that fewer layers are required for achieving a certain reflectance for reflector ͑LH͒ m i and, therefore, for achieving the best structure. However, the best structure for larger ⌬n is inferior in compensation to the best structure for smaller ⌬n.
E. Discussion
Jablonski et al. have already demonstrated that thinfilm-based all-pass filters can compensate for thirdorder dispersion. 7 The all-pass filters described by Jablonski et al. were composed of mirrors and cavity spacers. Those authors developed a method that uses nonlinear weighted least-squares and digital lattice algorithms to find the optimized reflectivity for each mirror and cavity spacing for a specific thirdorder dispersion value. Then the optimized reflectivities of mirrors are achieved by thin-film structures ͑LH͒ M ; i.e., the reflectivity of ͑LH͒ M is equal to the optimized reflectivity of the mirror. For practical purposes, the available high-and low-index materials are limited. There might be an error if one uses ͑LH͒ M with practical materials to obtain an arbitrary mirror reflectivity; therefore Jablonski et al. adjusted the cavity spacing to correct for this error. Then the adjusted cavity spacing was obtained repetition of the half-wave cavity layers, can be optimized within the specified bandwidth by a leastsquares method to match the target third-order dispersion value. We categorized TFDCs into transmission type ͑T-type͒ and reflection type ͑R-type͒ structures. For T-type structures a TFDC can fulfill the phase requirement for third-order dispersion compensation, but the transmittance within the BW is not flat. For R-type structures it not only can achieve the phase requirement for third-order dispersion compensation but also has a flat reflectance response within bandwidth. As far as amplitude response is concerned, R-type structures are more suitable to be dispersion compensators than T-type structures. Numerical examples have shown that one can use the last reflector in the R-type two-cavity TFDC as a reflectance controller without changing the phase response as long as the repetition of ͑LH͒ for the last reflector is large; a smaller refractiveindex difference between the high-and low-index layers gives a better TFDC that has a TOD value closer to the target value than higher-refractive-index difference materials, although the TFDC structure that was composed of materials with a higher refractiveindex difference had fewer layers.
